The Pantanal hosts diverse wildlife species and therefore is a hotspot for arbovirus studies in South America. A serosurvey for Mayaro virus (MAYV), eastern (EEEV), western (WEEV) and Venezuelan (VEEV) Ten alphaviruses have been reported in Brazil: Mayaro virus (MAYV), eastern equine encephalitis virus (EEEV), Venezuelan equine encephalitis virus (VEEV), western equine encephalitis virus (WEEV), Una virus, Trocara virus, Aura virus, Mucambo virus (MUCV), Pixuna virus (PIXV) and most recently chikungunya virus (CHIKV) , PAHO/WHO 2015. Of these, MAYV, EEEV, VEEV, MUCV, PIXV and CHIKV have been reported as the cause of human disease in Brazil (Alice 1956 , Pinheiro et al. 1986 , Iversson et al. 1990 , PAHO/WHO 2015. MAYV is the etiologic agent of acute febrile illness with headache and arthralgia and is an important cause of human illness due to alphaviruses in Brazil affecting mainly the Amazon Region extending south to west-central Brazil (Coimbra et al. 2007 , Azevedo et al. 2009 , Mourão et al. 2012 , Zuchi et al. 2014 . Recently, autochthonous transmission of CHIKV was reported for the first time in Brazil and is currently epidemic with more than 2,100 autochthonous transmission cases reported until January 2015 (PAHO/WHO 2015).
Ten alphaviruses have been reported in Brazil: Mayaro virus (MAYV), eastern equine encephalitis virus (EEEV), Venezuelan equine encephalitis virus (VEEV), western equine encephalitis virus (WEEV), Una virus, Trocara virus, Aura virus, Mucambo virus (MUCV), Pixuna virus (PIXV) and most recently chikungunya virus (CHIKV) , PAHO/WHO 2015 . Of these, MAYV, EEEV, VEEV, MUCV, PIXV and CHIKV have been reported as the cause of human disease in Brazil (Alice 1956 , Pinheiro et al. 1986 , Iversson et al. 1990 , PAHO/WHO 2015 . MAYV is the etiologic agent of acute febrile illness with headache and arthralgia and is an important cause of human illness due to alphaviruses in Brazil affecting mainly the Amazon Region extending south to west-central Brazil (Coimbra et al. 2007 , Azevedo et al. 2009 , Mourão et al. 2012 , Zuchi et al. 2014 . Recently, autochthonous transmission of CHIKV was reported for the first time in Brazil and is currently epidemic with more than 2,100 autochthonous transmission cases reported until January 2015 (PAHO/WHO 2015).
Some domestic animals are also susceptible to sporadic cases of disease due to alphaviruses in Brazil. EEEV has been involved in outbreaks or isolated cases of encephalitis in equids in different regions of Brazil since the 1940s (Carneiro & Cunha 1943 , Cunha 1945 , Causey et al. 1962 , Fernández et al. 2000 . WEEV was isolated from brain tissue of an encephalitic horse in the 1960s, but has not been implicated in any other cases of equid disease in Brazil since then (Bruno-Lobo et al. 1961) . Despite serological evidence of its circulation (Melo et al. 2012 ), VEEV has not been reported as a disease agent of equids in Brazil, but has caused equine epizootics in other South American countries (Navarro et al. 2005) . Antibodies to equine encephalitis alphaviruses have been detected in healthy equids from various regions of Brazil (Heinemann et al. 2006 , Aguiar et al. 2008 , Araújo et al. 2012 , including the Pantanal (Iversson et al. 1993 , Pauvolid-Corrêa et al. 2010b , Melo et al. 2012 ), a vast subtropical sedimentary floodplain of approximately 140,000 km² encompassing Brazilian, Bolivian and Paraguayan territories and one of the largest freshwater wetland ecosystems in the world (Alho 2005) . The Brazilian Pantanal, located within the states of Mato Grosso do Sul (MS) and Mato Grosso (MT), is a region of diverse and abundant wildlife. The main economic activity is beef cattle breeding, which is practiced within vast areas of native grassland and low human population density (Junk & Cunha 2005) . According to the Brazilian Institute of Geography and Statistics (IBGE 2014) , the rural area of the Pantanal supported a population of roughly 43,000 human residents in 2010 and 58,000 equines and 48,000 sheep in 2013. Free-ranging caimans (Caiman crocodilus yacare) are abundant in the region. According to the last aerial census conducted in 1993, roughly four million caimans were widely dispersed throughout the Pantanal region (Mourão et al. 2000) .
The vector-borne viral diseases of humans and horses of the Pantanal are not well understood. We therefore investigated the potential presence of human and equine disease agents among the Brazilian alphaviruses that may be of importance in the Pantanal. In particular, we selected MAYV, EEEV, WEEV and VEEV for study because of their potential importance for human and equid health in the Pantanal. Equids are often utilised as indicators of local arbovirus circulation (Komar & Clark 2006 , Pauvolid-Corrêa et al. 2014 . Because Pantanal reptiles represent a large portion of the vertebrate biomass, they could influence arbovirus transmission dynamics, either as virus amplifiers or dilution hosts, as has been reported elsewhere (Graham et al. 2012) . Considering the caiman is abundantly distributed throughout the Pantanal, reaching densities of more than 60 caiman/km 2 in the Nhecolândia subregion (Mourão et al. 2000) and that sporadic cases of EEEV have been reported in sheep elsewhere (Bauer et al. 2005) , these species as well as equids may serve as useful indicators for detecting alphavirus activity. Accordingly, we investigated the prevalence of infection of equine encephalitis alphaviruses and MAYV in equids, sheep and free-ranging caimans in the Pantanal.
MATERIALS AND METHODS
Equids, sheep and caimans were sampled in 16 cattle ranches visited in February and October 2009, February, April, September and October 2010 and January 2011, comprising an area of approximately 2,700 km 2 , primarily in the Nhecolândia subregion of Pantanal, municipality of Corumbá, MS (Fig. 1) . The collections for this study were authorised by the owners or residents of the sampled properties and also approved by the Animal Ethical Committee of Oswaldo Cruz Foundation (Fiocruz) of Ministry of Health of Brazil (license CEUAFiocruz LW-1/12, protocol P-74/10-5) in compliance with the requirements of Brazilian Law 11794/2008. The caiman sampling was also approved by the Chico Mendes Institute for Biodiversity Conservation of Ministry of Environment of Brazil (licenses ICMBio 18363-1/2009 and 18363-2/2010).
Blood samples from equids (n = 748), including horses (n = 691), donkeys (n = 24), mules (n = 30) and unspecified equids (n = 3) and from sheep (n = 237) were taken by jugular venipuncture. Gender, age, tameness, breed, vaccination status, travel history outside of Pantanal and history of neurologic abnormalities were recorded for each animal sampled. Among the 748 equids sampled, 264 had been vaccinated for equine encephalitis alphaviruses and 484 had no records of immunisation, according to the owners or the worker in charge of the sampled properties. Because of the scarce information about the vaccine available at the time of vaccination in different ranches, it was assumed that these equids were vaccinated with a bivalent vaccine composed of EEEV and WEEV, which is a common vaccine widely used for preventing equine encephalitis in the country. For equids with no record of vaccination, they were assumed to be unvaccinated. Except for one horse that was found in October 2009 in lateral decubitus with paralysis of hind legs, all remaining equids and sheep from Nhecolândia subregion were apparently healthy at time of venipuncture.
A subset of 37 equid samples was collected from a ranch comprising 900 km 2 in the Nabileque subregion of Pantanal (Fig. 1) after an equid outbreak of a neurologic disorder had occurred in January 2010. All equids here were vaccinated for rabies and tested negative for Trypanosoma evansi. After several equids died, the herd on the premises was vaccinated for equine encephalitis alphaviruses prior to sampling.
Caimans (n = 87) were captured from sites where a high concentration of these animals was observed, such as lentic systems that were formed by ephemeral rivers. Caimans were captured from boats or from the riverbanks, brought to shore and sampled by venipuncture of the internal jugular vein between the first and second cervical vertebrae as described previously (Olson et al. 1975) . Information recorded about caimans included gender, weight and biometric parameters.
All samples were heat-inactivated and tested by the 90% plaque-reduction neutralisation test (PRNT 90 ) for their ability to neutralise plaque formation by WEEV (strain An-112509), EEEV (EEE/Sindbis chimeric virus strain 796), MAYV (strain B76314) and the Trinidad donkey vaccine strain of VEEV, following standard protocols (Beaty et al. 1995) . Serum was considered seropositive to a virus when it reduced at least 90% of the formation of viral plaques in Vero cells and its neutralising antibody titre was at least 4-fold greater than that of the other three alphaviruses. PRNT 90 was performed initially at a dilution of 1:10 for screening and the reactive samples were further tested at serial two-fold dilutions that ranged from 1:20-1:640 to determine endpoint titres. Serum samples were considered positive for specific virus-neutralising antibodies when a serum dilution of at least 1:10 was able to neutralise plaque formation by 90% compared to serum-free viral suspensions inoculated onto Vero cells to determine the challenge dose. The identities of all reference viruses used for PRNT were confirmed by sequencing and comparison with sequences deposited at GenBank.
The Cochran-Armitage Trend Test was used to test for positive trends in seroprevalence among age classes (StatXact 10.0; Cytel Software Corporation, USA). The Pearson chi-square test (or Fisher's exact test for small sample size) was used to determine significance of differences between proportions.
RESULTS
For 748 equids tested, 104 (13.9%) were considered seropositive for an undetermined alphavirus (less than 4-fold titre difference) and 518 (69.3%) negative for neutralising antibodies (PRNT 90 titre < 10) for all four alphaviruses tested regardless of vaccine status (Table I) .
Five (0.7) equids had neutralising antibodies (titre ≥ 10) for VEEV and 44 (5.9%) for MAYV. Employing the criterion of 4-fold greater PRNT 90 titre, two (0.3%) equids (a 4-year-old stallion and a 1-year-old mare) from two different ranches were seropositive for VEEV. The stallion had a titre of 160 for VEEV, 20 for WEEV and < 10 for EEEV and MAYV. The mare had a titre of 20 for VEEV and < 10 for all other alphaviruses tested. Ten equids (1.3%) were seropositive for MAYV. MAYV-seropositive equids were from four different ranches with four geldings and four mares, ages from six and 17 years and a stallion and a donkey of unknown ages.
Among the 484 unvaccinated equids, 87 (18%) were positive for EEEV-neutralising antibodies and eight (1.7%) were positive for WEEV-neutralising antibodies. Employing the criterion of 4-fold greater PRNT 90 titre, 48 (9.9%) were seropositive for EEEV, four (0.8%) for WEEV and one (0.2%) for VEEV (Tables I, II) . Specific alphavirus reactivity could not be assigned to 50 (10.3%) of these animals, because of similar titres for multiple alphaviruses. The remaining 371 (76.7%) were negative for all four alphaviruses tested ( Table I ). The proportion positive for MAYV-neutralising antibodies in unvaccinated equids was significantly greater (p < 0.02, Fisher exact test) than that in vaccinated equids (Table I) .
The 48 EEEV-seropositive equids were distributed among six ranches. The youngest ones were two years old when blood collections were performed in 2009, indicating that EEEV circulated at some point in time from [2007] [2008] [2009] . The likelihood of seropositivity to EEEV increased with the age of the equids sampled (p value = 0.002) (Fig. 2) . This group included the one horse from Nhecolândia subregion that presented signs of an acute or previous neurological disorder (Table II) . The sick horse, an unvaccinated gelding sampled in October 2009, had a titre of 160 for EEEV, 10 for WEEV and < 10 for VEEV and MAYV. The four WEEV-seropositive equines were distributed among three ranches and were aged 11 and 12-year-old with two of unknown age. (Table I) . Differences in seroreactivity to EEEV and WEEV among the vaccinated and non-vaccinated group of equids were statistically significant (p < 0.05; chi-square test).
Monotypic neutralisation reactions (i.e., a sample that reacted with only one of the four alphaviruses in the panel) were detected among the 484 unvaccinated equids for EEEV (n = 37), MAYV (n = 9), WEEV (n = 3) and VEEV (n = 1) ( Table II) .
The one afflicted ranch from Nabileque subregion had no seropositive animals for MAYV and VEEV and it was not possible to evaluate the circulation of EEEV and WEEV because all animals had been vaccinated for equine encephalitis.
For 87 free-ranging caiman samples, four (4.6%) had neutralising antibodies (PRNT 90 titre ≥ 10) with titres of 10 for MAYV (n = 2), 10 for WEEV (n = 1) and 20 for VEEV (n = 1). Three caimans were then seropositive for undetermined alphavirus (less than 4-fold titre difference) and one (1.1%) seropositive for VEEV. For 237 sheep tested, nine (3.8%) had low alphavirus-reactive titres, including three with titre of 10 for MAYV, three with titre of 20 for VEEV, one with titre of 20 for WEEV and two with titres of 10 and 20, respectively, for EEEV (Table III) . Three (1.3%) sheep were then seropositive for VEEV, one (0.4%) for EEEV, one (0.4%) for WEEV and four for undetermined alphavirus (less than 4-fold titre difference) (Table III) .
DISCUSSION
Regions like Brazil's Pantanal, which present vast wetland habitat in a subtropical climate, present a set of factors that supports the introduction, maintenance and evolution of arthropod-borne viruses. The region has abundant biodiversity and is the most important water bird breeding area in South America (Lopes et al. 2006 ). The Pantanal is ecologically classified into 11 subregions according to vegetation, flooding and physiography. Nhecolândia subregion comprises 27,000 km 2 and is the world's largest and most diverse area of subtropical lakes (Silva & Abdon 1988 , Almeida et al. 2011 . Nabileque subregion comprises roughly 14,000 km 2 and is formed by fluvial plains of the Paraguay River (Straube et al. 2006) .
In the absence of direct viral detection, diagnosis of arbovirus infections is performed by indirect serological tests. Plaque-inhibition tests using rabbit antisera and various alphaviruses have shown little cross-reactivity among EEEV, WEEV and MAYV (Porterfield 1961) . However, equids experimentally infected by EEEV or WEEV and sequentially by VEEV showed neutralising antibodies to the third equine encephalitis virus (either EEEV or WEEV) demonstrating that cross-reactive neutralising antibodies may occur (Walton et al. 1989) .
Moreover, other alphaviruses may also circulate in the region, including novel alphaviruses which could theoretically generate cross-reacting neutralising antibodies and lead to misinterpretation. Furthermore, VEEV represents a complex of viruses that includes MUCV and PIXV (Calisher et al. 1980) . Any seropositive animal for VEEV indicates the presence of an undetermined member of the VEEV serocomplex. Therefore, we used a conservative threshold for detection of neutralising antibodies (90%) and we considered monotypic serologic responses to be the most reliable, as these samples reacted with just one of the four viruses employed in the tests, with no indication of cross-reaction. While this criterion is overly cautious, it avoids false positives .
In the present study, strong evidence was encountered for local circulation of MAYV, EEEV, WEEV and VEEV based on monotypic neutralisation reactions in unvaccinated equids. Additional serologic evidence was based on at least 4-fold greater titres compared to other alphaviruses included in the testing panel. All of these seropositive equids lacked travel history outside of the Pantanal, indicating autochthonous transmission of these four alphaviruses. The detection of MAYV-and VEEVseropositive equids provides the first evidence of circulation of MAYV and VEEV in the southern Pantanal. However, more investigation is needed to confirm their circulation by virus isolation and to understand the ecology of transmission of these viruses in the Pantanal region, including identifying amplifier hosts and vectors.
Arbovirus investigations conducted in the same region of the Pantanal in the 1990s and in 2007 also detected serological evidence for EEEV and WEEV, suggesting that the circulation of these equine encephalitis alphaviruses in the Pantanal has been active for at least three decades (Iversson et al. 1993 , Pauvolid-Corrêa et al. 2010b ). On the other hand, in these two previous investigations, all equids tested negative for MAYV suggesting that MAYV circulation in the Pantanal might be a recent event. In the 1990s, a horse encephalitis case was attributed to EEEV in the Nhecolândia subregion (Iversson et al. 1993) . In the present study we report an unvaccinated gelding sampled in the same subregion in October 2009 with neurological signs. This horse had a titre of 160 for EEEV, 10 for WEEV and < 10 for VEEV and MAYV, indicating presumptive acute EEEV infection. While the detection of IgM antibodies or IgG seroconversion are more elucidative to diagnose acute infections by EEEV, the comparison of paired acute and convalescent titres often is not possible because most horses affected with EEEV die or are euthanized soon after the onset of clinical disease (Brewer & Mayhew 1990) . A presumptive diagnosis of EEEV or WEEV may be made using a single serum sample if the titre is high (Calisher et al. 1983 , Bertone 1998 . Although only direct detection of EEEV could confirm EEEV as the etiologic agent in the Pantanal horse presented here, the analysis of EEEV seroprevalence by ranch corroborates this suspicion. The ranch PJ where this horse was sampled had the highest EEEV prevalence (22.6%) among the 11 ranches where unvaccinated equids were sampled. The second highest prevalence for EEEV was 12.3%.
Recently, serological evidence of EEEV and VEEV circulation was also detected in equids from northern Pantanal located in MT (Melo et al. 2012) . Because of the long distances and difficult access to remote areas in the Pantanal, equid encephalitis cases reported in the region may be underestimated. The vertebrate amplifying hosts of these viruses in the Pantanal have not been studied. Thus, the EEEV prevalence in Pantanal equids reported here is likely underestimated. A difference of eight-fold or greater between EEEV and WEEV titres has been reported to be diagnostic of EEEV infection, regardless of vaccination status (Brewer & Mayhew 1990) . Applying this criterion would increase the number of equids considered seropositive for EEEV by 33 animals. EEEV is probably omnipresent and transmitted annually to equids at low levels. Such scenario would result in an equid population with increasing seroprevalence by age, where risk of infection increases with time of exposure to mosquito bites. In our study, EEEV seroprevalence in equines increased with age, a pattern consistent with enzootic transmission.
The high prevalence of EEEV in Pantanal equids might be related to the absence of the establishment and disease caused by the pathogenic strain of VEEV in the region. Experimentally, equids inoculated with an equine pathogenic (epizootic) strain of VEEV produced 90% mortality in non-immunised equids, while all EE-EV-seropositive equids survived (Walton et al. 1989) .
The seroprevalence detected for WEEV in equids was very low, consistent with other equine serosurveys from the Brazilian Pantanal (Iversson et al. 1993 , Melo et al. 2012 . A study in 2007 found an unusually high seroprevalence for WEEV of about 36% concentrated at a single ranch in the southern Pantanal (Pauvolid-Corrêa et al. 2010b ), suggesting that focal amplification does occur in the region.
Seroprevalence testing among vaccinated equids indicated that most (56%) were unreactive to all four alphaviruses tested, indicating persistent susceptibility to equine encephalitis alphaviruses despite vaccination. This can be explained by the vaccination frequency conducted in the region. All the ranches that reported regular vaccination applied vaccine annually. Some studies have shown that equids respond variably to vaccination for EEEV and WEEV and that some horses may become seronegative to either virus within six months of vaccination or fail to maintain detectable titres for both viruses concurrently (Barber et al. 1978) . Some horses do not develop increasing titres to EEEV and WEEV despite recent vaccination (Waldridge et al. 2003) .
Unexpectedly, we observed a statistically significant reduction in MAYV seroprevalence among the cohort of equids that had been vaccinated with the bivalent encephalitis vaccine. This observation merits attention and further investigation. The vaccine was not expected to provide protection against other alphaviruses without generating a detectable immune response, so a feasible explanation for this observation is that several foci of MAYV transmission affected a small number (n = 4) of ranches which coincidentally did not vaccinate their equids.
Concerning the equid samples from a neurological outbreak that occurred in 2009 and 2010 in the Nabileque subregion, the serology data was characterised by low titres, even after equine encephalitis vaccination. These results combined with serologic results for flaviviruses reported elsewhere (Pauvolid-Corrêa et al. 2014) suggest that a flavivirus rather than an alphavirus may be associated with this neurologic syndrome.
Testing only equids, sheep and caimans may provide a biased view of the relative amounts of alphavirus transmission because these hosts may not attract all vectors equally. A serosurvey of local human residents and/ or non-human primates would be more instructive as an investigational tool for MAYV considering that MAYV vectors are primarily primate specialists. In fact, a recent survey conducted among free-living non-human primates in MS outside the boundaries of the Pantanal found one animal with MAYV-reactive haemagglutination-inhibiting antibodies (Batista et al. 2013 ). The report of three cases of MAYV fever detected in men infected in MS in 2000 (Coimbra et al. 2007 ) associated to the detection of MAYV RNA in febrile humans from the neighbouring MT during a dengue outbreak in (Zucchi et al. 2014 confirm MAYV transmission in both states.
Caimans were selected for inclusion in our study because reptiles may play a larger role in the transmission cycle of alphaviruses than previously assumed (Graham et al. 2012) . In a survey in Venezuela, tegu lizards were found to have antibody for EEEV and VEEV (Walder et al. 1984) . In crocodilians, EEEV-seropositive wild American alligators (Alligator mississippiensis) have been reported (Karstad 1961) . In addition, the prolonged viraemia observed in experimentally infected reptiles may lead to an increased probability of arbovirus transmission to mosquitoes (Bowen 1977) . However, we found that few caimans circulated detectable antibodies to the four alphaviruses we tested for. More study is needed on the potential role of caimans and other reptiles in arbovirus transmission cycles in the Pantanal.
We report here low titres of neutralising antibodies for all equine encephalitis alphaviruses in sheep and for VEEV in caimans from Pantanal, Brazil. To the best of our knowledge, this is the first evidence of such arboviruses in sheep and caimans in the country. However, the real meaning of the low titres reported here remains unclear and warrants further investigations. This evidence may reflect the low circulation of these arboviruses in Pantanal, but also highlights the potential of cross-reaction to an untested or even unknown alphavirus circulating in the region. The observed low EEEV seroprevalence in sheep and caiman is an unexpected result, especially considering that sheep are managed similarly to equids, which demonstrated a higher prevalence for EEEV and caimans are widespread in the region. Sheep and caiman may not mount strong immune responses to alphaviruses or they may not attract local mosquito species that serve as vectors for alphaviruses. The last hypothesis is particularly important considering that much remains undiscovered regarding mosquito populations in the Pantanal region. Despite the identification of at least 11 mosquito species landing on horses and at least 13 landing on caimans in the Pantanal region (Viana et al. 2010 , PauvolidCorrêa et al. 2010a , the mosquito species that use sheep as a host in the region are unknown.
In spite of the evidence reported here for activity of four alphaviruses potentially involved in human and/or animal disease in the Pantanal, outbreaks and even clinical cases caused by these arboviruses have not been officially reported very often in the region. The low number of reports of animal and human disease attributed to these alphaviruses may be due to several factors, including (i) ineffective surveillance for arboviruses in the region, (ii) the management of equids in extensive areas of native rangeland within traditional Pantanal ranches which may allow them to express a more natural behaviour that includes escape from mosquito attack, (iii) the inhibited access to medical and veterinary care due to large distances of healthcare facilities, (iv) potential low virulence of the arbovirus strains that circulate in the region, (v) low susceptibility to clinical infection of local human and equid populations due to cross-reactive antibodies, (vi) the low population density in the region and, finally, (vii) the pristine conditions of Pantanal. The Pantanal is considered one of the most preserved biome in Brazil presenting 87% of its native vegetation cover (MMA 2014) . Its preservation is mainly explained by traditional management of beef cattle herds, which occupy vast areas of native grassland (Junk & Cunha 2005) . However in recent years, changes in cattle management, including deforestation for planting of exotic pastures threaten to reduce biodiversity, which may lead to increased risk of arboviruses outbreaks (Ostfeld & Keesing 2000) .
Highly conservative serologic criteria were used to present evidence of local circulation of equine encephalitis alphaviruses and also MAYV primarily in equids, but also in sheep and caimans in the Pantanal, Brazil. VEEV and MAYV seroprevalence are novel findings for the Southern Pantanal. However, because detection of antibodies is indirect evidence of virus circulation and because unknown alphaviruses may circulate in the region, we encourage efforts to isolate viruses to confirm the circulation of these alphaviruses in the Pantanal.
